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In Brief
Tang et al. describe a dramatic reconfigu-
ration of confluent mammary MCF10A
cells controlled by EGF signaling. With-
drawal of EGF leads to wide-scale inter-
digitation of cells and increased desmo-
some number. Cells thereby become
locked into position and unable to
migrate within a monolayer. These inter-
digitations can be rapidly dissolved by re-
application of EGF, through a process
that requires actin polymerization and
myosin II activity. These convenient
phenotypic assays offer a platform for
detailed dissection of relevant effector
pathways.
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Defined signals that dictate the architecture of
cellular boundaries in confluent cultures are poorly
characterized. Here, we report dramatic remodel-
ing, invoked by long-term epidermal growth factor
(EGF) withdrawal from mammary-derived MCF10A
cells. Such intervention generates an interdigitated,
desmosome-rich monolayer, wherein cells project
actin-containing protrusions deep into neighboring
cells. These changes protect cellular sheets from
mechanical disruption and dramatically restrict the
freedom of cells to roam within the monolayer.
Ectopic expression of activated Rac counteracts
interdigitation and induces membrane ruffling, but
cells remain confined by their interdigitated neigh-
bors. Interdigitations are rapidly dissolved by acute
EGF application in a process that is sensitive to actin
depolymerization and myosin II inhibition. These
assays for formation and dissolution of interdigita-
tions provide a platform for the dissection of novel
signaling pathways that are highly specific to EGF
receptor (EGFR) activation.
INTRODUCTION
In a physiological setting, boundaries between cells can be
smooth or highly interdigitated, such as the visceral epithelia po-
docytes of the kidney (Mundel and Kriz, 1995). Early morpholog-
ical studies of mammary epithelial cells isolated from human
donor after weaning breast fluids described ‘‘a well developed
system of cytoplasmic interdigitation and numerous desmo-
somes’’ (Russo et al., 1975). During early embryonic develop-
ment and puberty, the elongated tips of mammary buds form
multilayered epithelia, and cells within the interior layers show
prominent interdigitation and high levels of desmosomes (Ewald
et al., 2012; Nazario et al., 1994). Interdigitated structures are
also prominent in intraductal carcinomas, suggesting that they
may have acquired characteristics of the normal developmental
program (Goldenberg et al., 1969). In keratinocyte and endothe-
lial cell cultures, interdigitated structures are observed as inter-
mediates in the formation of stable cell-cell contacts (Hoelzle
and Svitkina, 2012; Vasioukhin et al., 2000). However, defined1722 Cell Reports 8, 1722–1730, September 25, 2014 ª2014 The Aumolecular pathways that can control the decision between
smooth or interdigitated cell boundaries have not been substan-
tively dissected in vitro.
The epidermal growth factor receptor (EGFR) is the founding
member of the ErbB family of receptor tyrosine kinases that
together coordinate complex signaling systems that underpin
organogenesis and differentiation of several cell lineages (Citri
and Yarden, 2006). Mutation and other mechanisms constitu-
tively activate the network in a variety of carcinomas, rendering
it a major target for pharmaceutical intervention. Epidermal
growth factor (EGF) stimulation initiates multiple signaling
cascades, including the PtdIns3-kinase pathway and several
mitogen-activated protein kinase (MAPK) pathways, of which
the ERK pathway is best understood (Katz et al., 2007). From a
cell biological perspective, the key EGF-mediated responses,
so far defined, are mitogenic and motogenic.
MCF10A cells are an immortal nontumorigenic epithelial cell
line that arose spontaneously from mortal diploid mammary
epithelial cells of extended lifespan (Soule et al., 1990). They
have found widespread use in epithelial cell biological studies
and are a favored model for the generation of isogenic cell line
panels. They form organized monolayers in cell culture, present-
ing a characteristic ‘‘cobblestone’’ appearance. EGF stimulates
invasive properties of these cells but is not required for growth
(Tarcic et al., 2012).
The most radical change in cellular adhesive properties oc-
curs during epithelial-to-mesenchymal transition that is impor-
tant to development, wound healing, and cancer cell metastasis
(Kalluri and Weinberg, 2009). For many cancer cell types, this
can be promoted by activation of receptor tyrosine kinases
such as EGFR and MET. Adherens junctions (AJ) and desmo-
somes constitute sites of cellular adhesion that link adhesive
Cadherin proteins to actin and intermediate filaments (IF),
respectively. Together, they contribute synergistically to deter-
mine the strength of adhesion between cells (Huen et al.,
2002). Desmosomes appear as paired electron dense plaques
that align between neighboring cells and contain two types of
Cadherin family proteins, Desmogleins and Desmocollins (Du-
bash and Green, 2011). At both types of adhesive junctions,
the armadillo family of proteins connect Cadherins with adaptor
proteins, which link to the cytoskeleton. One such, Plakoglobin
(PG), is a constituent of both AJ and desmosomes. Another,
Desmoplakin (DP), is specific to desmosomes and is required
for strong cellular adhesion and integrity of epithelia in vitro
and in vivo.thors
Figure 1. EGFR Signaling Suppresses Ac-
tin-Containing Interdigitations between
MCF10A Cells
(A) Effect of removal of EGF or insulin from growth
media of MCF10A cells (top row) or isogenic cells
expressing EGFR DE746-A750 (bottom row).
Control MCF10A cells organize in a confluent
monolayer with ‘‘cobblestone’’ morphology. In-
terdigitations seen following EGF removal are not
apparent in EGFR mutant cells.
(B) Phenocopy of the ‘‘finger-like’’ structures when
cells are cultured in the presence of EGF and the
EGFR inhibitor, Gefitinib. Medium was exchanged
6 hr post seeding in complete growth medium
(10% FBS ± EGF, insulin), fixed with 4% PFA 72
(A) or 48 (B) hr later, and immunostained with
antibody directed at the extracellular domain of
E-cadherin.
(C–E) Complete growth medium was exchanged
for medium ± 20 ng/ml EGF 6 hr postseeding (C).
After 72 hr, cells were fixed with 4% PFA and
stained for E-cadherin (green), and F-actin (red),
(D) cells transfected with GFP-LifeAct and coun-
terstained for E-cadherin (red), (E) live cell
monolayer grown on a plastic dish. Cells were
visualized using conventional immunofluores-
cence microscopy at 203 magnification (A and
B), confocal immunofluorescence microscopy at
633 magnification (C and D), and phase-contrast
microscopy at 203 magnification (E). Scale bar,
40 mm.Here, we show that MCF10A cells within a confluent mono-
layer setting are capable of major rearrangements to form
highly developed interdigitating structures prompted by EGF
withdrawal. Our ultrastructural analysis reveals actin cables
projecting from the tips of these structures. Such interdigita-
tions can be rapidly reversed by reapplication of EGF in a
process that requires dynamic polymerization of actin and
cytoskeletal contractility. The presence of interdigitating struc-
tures is associated with immobility within confluent mono-
layers, impaired wound healing, and enhanced mechanical
stability.Cell Reports 8, 1722–1730, SepRESULTS
EGFR Signaling Suppresses
Interdigitation of MCF10A Cells
The widely accepted culture conditions
for MCF10A cells suggest supplementa-
tion of the medium with a cocktail of
hormones and other factors (EGF, insulin,
hydrocortisone, and cholera enterotoxin)
together with horse serum (Soule et al.,
1990). Our first step was to determine
if all these components are necessary
for cell growth. In our hands, 2D cell
growth was not influenced by insulin or
cholera toxin, diminished by EGF with-
drawal, and most profoundly impaired
by hydrocortisone loss. For the ensuingexperiments, cells were routinely cultured with all of these com-
ponents ±EGF.
Under normal culture conditions, E-cadherin provides a uni-
form plasma membrane staining, which highlights the smooth
boundaries between neighboring cells. However, we noticed a
remarkable reorganization upon culturing cells in the absence
of EGF. Under these conditions, cells form long finger-like
projections into the body of neighboring cells, creating a
regular pattern of interdigitation (Figure 1A). Two lines of evi-
dence indicate that EGFR tyrosine kinase activity is required
for the suppression of this interdigitated state: (1) isogenictember 25, 2014 ª2014 The Authors 1723
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Figure 2. Ultrastructural and Confocal
Visualization of Interdigitations and an
Accompanying Increase in the Number of
Desmosomes
(A) Control MCF10A cells (left) show smooth
membranes between adjacent cells compared
to the cells grown in medium lacking EGF
(right), which show residual finger-like struc-
tures. Actin cables project from tips of the
protrusions. Cells were cultured in medium
±EGF and fixed 62 hr later. Scale bar, 2 mm and
0.5 mm (insets).
(B) Quantification of the number of desmosomes
per unit length of plasma membrane indicates
10-fold more junctions in cells cultured in medium
without EGF. Data are aggregated from 33 micro-
graphs per condition (500 mm) as described in
Experimental Procedures.
(C) Immunoblot analysis of 12.5 mg of MCF10A
cell lysates from parental and EGFRDE746-A750
cells cultured in medium with or without EGF for
65 hr and probed for Desmoplakin 1 and 2 and
Desmoglein 2. Asterisk indicates a nonspecific
band. Parental cells, but not EGFRDE746-
A750 cells, show increased expression of
desmosomal proteins when cultured in medium
lacking EGF.
(D) Confocal immunofluorescence images showing
staining patterns of desmoplakin and E-cadherin.
Cells were cultured in medium ± EGF and fixed with
methanol after 70 hr.
Scale bar, 40 mm.MCF10A cells, in which one allele of the endogenous EGFR
gene has been engineered to express a constitutively active
EGFR (DE746-A750), do not respond to EGF withdrawal
(Figure 1A), and (2) application of the EGFR inhibitor
Gefitinib induces interdigitation in the presence of EGF
(Figure 1B).
Actin Cables Project to Digit Tips and Desmosome
Numbers Increase
Interdigitations contain actin and can be observed in cells ex-
pressing GFP-Actin (Life-Act) or simply by phase-contrast light
microscopy (Figures 1C–1E; Movie S1). Once formed, they are
maintained over 1.5 hr in the presence of the actin-depolyme-
rizing agent Cytochalasin D (Figure S1A). The myosin II inhibi-
tor, Blebbistatin, also fails to disrupt interdigitation (Figure S1B).1724 Cell Reports 8, 1722–1730, September 25, 2014 ª2014 The AuthorsWe were not able to assess the effects
of these drugs on digit formation itself,
owing to their toxicity within the time
frame required for this process (>12 hr,
see below). We undertook a transmission
electron microscopic (TEM) analysis of
the cellular morphology induced by EGF
withdrawal, using ruthenium red to
enhance the plasma membrane staining,
as described by Deneka et al. (Deneka
et al., 2007). Remnants of interdigitations
survive the fixation and present as roughprojections into the neighboring cell that are entirely absent in
cells cultured with EGF (Figure 2A). In transverse sections,
prominent actin cables are observed which project from a
dense structure at the digit tip (inset, Figure 2A). Also striking
is the accumulation of electron dense desmosomal plaques in
cells deprived of EGF. These are recognized as paired elec-
tron-dense regions associated with both membranes of neigh-
boring cells and by the intermediate filaments, which project
from them (inset, Figure 2B). Desmosomes provide a system
of ‘‘spot welds,’’ which contribute to the mechanical properties
of cell layers. These adhesive structures maintain the mechan-
ical integrity of epithelial and other stress-bearing tissues by
tethering intermediate filaments to the plasma membrane.
Desmosomal proteins are often mutated or silenced in breast
cancer (Klus et al., 2001; Oshiro et al., 2005). EGF withdrawal
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Figure 3. Time Course of Interdigitation,
Reversibility, and the Requirement of Actin
Polymerization
(A) The prominence of E-cadherin stained in-
terdigitations on the membrane of MCF10A
parental cells gradually increased from 38 to 70 hr
after medium exchange. Medium lacking EGF re-
placed the complete growth medium 5 hr post-
seeding, and cells were fixed with 4% PFA at times
indicated after medium exchange (timeline).
(B and C) Interdigitations resolved within 24 hr
when 20ng/ml EGF was restored to the MCF10A
parental cells or HMT 3522 S1 cells. MCF10A cell
coverslips were treated as in (A) up to 70 hr, and
medium was then exchanged and left for a further
24 hr ± EGF. HMT 3522 were grown to confluence
in full medium containing 10 ng/ml EGF for 96 hr
followed by EGF withdrawal for 166 hr, which es-
tablished interdigitations. Cells were then treated
for a final 24 hr ±EGF.
(D and E) Actin polymerization and actomyosin
contractility is required for the reversal of in-
terdigitations. Cells were cultured in growth me-
dium lacking EGF for 67 hr before treatment with
vehicle control (DMSO) and 5 mM Cytochalasin D
(D) or 25 mM blebbistatin (E; left 1 hr; middle and
right, 3 hr). Coverslips were fixed at indicated time
points when significant reversal of interdigitation is
evident in control cells, but not those that have
been drug treated. Cells were stained for E-cad-
herin and F-actin and visualized using immunoflu-
orescence microscopy at 403 magnification.
Scale bar, 40 mm.leads to a 10-fold increase in desmosomes per unit length of
plasma membrane (Figure 2B). This is accompanied by a
notable increase in expression of the transmembrane desmo-
somal protein Desmoglein and the adaptor molecule Desmo-
plakin (Figure 2C,D), while no changes in E-cadherin levels or
of selected tight junctional markers (ZO-1, Claudin) are seen
(Figure S2A).Cell Reports 8, 1722–1730, SeDiffering Time Scales of Formation
and Dissolution of Interdigitations
Reflect Different Signaling
Cascades
Interdigitations can be seen forming
24–38 hr after withdrawal of EGF from
newly seeded cells and elaborate over
the next day or so (Figure 3A). They can
also be induced within an already estab-
lished confluent monolayer by acute
removal of EGF, under which circum-
stances they become apparent after 12–
16 hr (Movie S2). This is accompanied by
a remarkable stabilization of cellular posi-
tion and neighbor associations within a
monolayer and loss of all roaming capa-
bility (Movies S1 and S2). Ectopic expres-
sion of the constitutively active form (V12)
of the small GTPase Rac1 (tagged withGFP), which regulates cytoskeletal dynamics and cell motility,
suppresses the interdigitation with neighboring cells. However,
such isolated cells are held in place by a cordon of interdigitating
neighbors (Figure S3; Movie S3).
Importantly, interdigitating structures are reversible; smooth
boundaries between cells and mobility within the monolayer
are re-established upon addition of medium containing EGFptember 25, 2014 ª2014 The Authors 1725
(Figure 3B; Movie S4). Reversal of fingers is apparent within 1 hr
after EGF administration. Another ‘‘near-normal’’ breast cell
line, HMT-3522, forms similar interdigitations following EGF
withdrawal, and these too are dissolved by application of EGF
(Figure 3C; Holm et al., 1993). Remarkably, this reversal process
requires actin polymerization, as treatment with the actin depo-
lymerizing agent cytochalasin D inhibits the acute loss of inter-
digitations (Figure 3D). Uncoupling of myosin II from actin by
applying Blebbistatin similarly inhibited the dissolution of inter-
digitations (Figure 3E). Although there are some intriguing obser-
vations reported, linking desmosomal proteins (Plakophilin 1,
Desmoglein 3) to actin organization and dynamics (Hatzfeld
et al., 2000; Tsang et al., 2012), we propose that interdigitation
itself, is unlikely to be caused by increased desmosome number.
Desmosomal proteins of mouse keratinocytes and oral squa-
mous carcinoma cells are similarly sensitive to EGF, but no inter-
digitating structures were reported in these studies (Lorch et al.,
2004; Yin et al., 2005). Furthermore, following acute application
of EGF, interdigitations dissolve and the cells recover motile
properties, but desmosomal proteins remain elevated and
distributed at the plasma membrane (Movie S4; Figures S2B
and S2C).
Interdigitations readily form if EGF is withdrawn shortly after
seeding or after cells have reached full confluency. The first
configuration is not amenable to analyzing the effects of drugs,
which severely inhibit cell growth, but responds clearly to Gefiti-
nib (Figure 1). However, when starting with established confluent
monolayers, the induction of interdigitations by Gefitinib treat-
ment is less penetrant. In fact, under these conditions, the
mitogen-activated protein kinase/extracellular signal-regulated
kinase 1 inhibitor AZD6244 produced more widespread interdig-
itating structures, which can be further elaborated by combining
with the PtdIns3-kinase inhibitor LY294002. Treatment with
LY294002 alone leads to some short finger structures. In both
these cases, the finger structures are less fine than those pro-
duced by EGF withdrawal, shorter and fatter i.e., stubby.
Combining all 3 inhibitors recapitulates the effects of EGF with-
drawal at high penetrance (Figure S4A). Thus in confluent cell
monolayers the tonic suppression of interdigitation by EGF,
requires the combined outputs of PtdIns3-kinase and MAPK
pathways, as well as further EGFR-dependent factors. A corol-
lary of these experiments is the finding that the active process
of interdigitation induced by EGF withdrawal is not negatively
influenced by inhibition of either PtdIns3-kinase or MAPK path-
ways (Figure S4A).
We noted that simply exchanging the culture medium for fresh
medium containing 10% bovine serum, but no added EGF, tran-
siently reversed the interdigitated phenotype (Figure 4A). This
implies that bovine serum must contain an exhaustible factor
capable of mimicking the effect of EGF. We tested a number
of other growth factors for their ability to suppress the mainte-
nance of interdigitations. First of all, insulin, which is routinely
included in the culture medium, has no effect (Figure 1). Trans-
forming growth factor alpha (TGF-a), which also activates
EGFR directly, transiently suppresses interdigitations similar to
the effect of fresh serum. However, neuregulin 1 (NRG1), which
specifically activates other ErbB family members (ErbB3 and
ErbB4), had no effect (Figure 4B). The hepatocyte growth factor1726 Cell Reports 8, 1722–1730, September 25, 2014 ª2014 The Au(HGF) showed no effect after 3 hr, when the process is essen-
tially complete in EGF-treated cells. Some shortening of fingers
is evident after 24 hr (Figure 4B), which may be an indirect
consequence of the ‘‘HGF-cell scattering’’ program, which leads
to cell-cell dissociation when space is available (Birchmeier
et al., 2003). Receptor tyrosine kinases (RTKs) elicit highly over-
lapping cell signaling networks, which for EGF and HGF have
been directly compared in A549 lung adenocarcinoma cells
(Hammond et al., 2010). In line with these observations, we
see that HGF and EGF elicit similar levels of activation of surro-
gate markers of the MAPK pathway (pERK) and the class 1
PtdIns3-kinase pathway (pAkt) in MCF10A cells over a 3 hr
time point (Figure 4C). Accordingly, this process of dissolution
is insensitive to inhibitors of these pathways (LY294002 and
AZD6244) (Figure S4B).
Rac1 is rapidly activated following EGF application toMCF10A
cells (Figure S5A). This can be strongly suppressed by depletion
of the guanine nucleotide exchange factor, Vav2, in accordance
with previous findings (Duan et al., 2011) (Figure S5B). However,
such depletion does not impede the rapid dissolution of interdig-
itations provoked by acute EGF (Figure S5C). Thus, while
expression of constitutively activated Rac1 can act to suppress
interdigitation (Figure S3), the rapid reversal process appears
to be largely independent of the major pool of EGF-activated
Rac1.
Resistance to Shear Stresses and Wound Healing
We have tested if the interdigitated state provides a resistance
to disruption by shear stresses. Confluent sheets of cells were
lifted by treatment with the enzyme dispase and subjected to
shear stress by repeated pipetting. Cell sheets cultured with
EGF readily fragment, whereas interdigitated/high desmosome
sheets culturedwithout EGF are highly resistant to fragmentation
(Figure 5A).
As a corollary of our findings that interdigitations impede the
freedom of individual cells to roam within confluent monolayers
(Movies S1 and S2), we looked at the ability to close a wound
in the confluent monolayer induced by a scratch made with a
pipette tip. Cells cultured in the absence of EGF, and hence high-
ly interdigitated, are unable to close such a wound unless EGF is
applied to dissolve the interdigitations. Neither HGF nor NRG1
can substitute for this effect, despite being powerful motogenic
stimuli in other cell systems (Figure 5B; Movie S5) (Birchmeier
et al., 2003; Ritch et al., 2003).
DISCUSSION
In this study, we provide a detailed characterization of a dramatic
reversible change in the architecture of epithelial cell boundaries
within a confluent monolayer that can be elicited with a single
defined cue. Suppression of interdigitations represents a mani-
festation of EGFR signaling in nontumorigenic breast epithelial
cells. Assembly of interdigitations in the absence of EGF is
slow (>12 hr), while dissolution following application of EGF is
relatively fast (1–3 hr). Formation is likely to reflect long-term ad-
justments to the cellular proteome following EGF withdrawal,
while dissolution is driven by actin-myosin contractile forces
associated with acute EGF application. The rapid dissolutionthors
Figure 4. Differential Abilities of Growth Factors to Reverse Interdigitation
(A) Transient reversal of interdigitation in MCF10A cells (1–3 hr) when medium is exchanged with fresh medium containing FBS, but no EGF supplement.
(B) Status of interdigitations at 1 hr, 3 hr, and 24 hr after addition of indicated growth factors (GF) EGF (20 ng/ml), HGF (20 ng/ml), NRG1 (6 ng/ml), or TGF-a
(20 ng/ml). Images were taken using the Leica confocal DMIRE microscope at 633 magnification, zoom 1.5. Scale bar, 40 mm.
(C) MCF10A cell lysates following addition of growth factors at indicated times, probed with anti-EGFR, anti-pAKT, anti-pERK, and actin. Cells were grown in
growth medium lacking EGF for 69.5 hr before addition of growth factors.process requires actin polymerization and contractility but is
independent of PtdIns3-kinase and MAPK pathways. This dis-
tinguishes it from the tonic suppression of interdigitation by
EGF, for which we provide evidence of the involvement of both
these signaling pathways. It is also striking that dissolution is
particular to EGF and cannot be recapitulated by ligands for
other RTK receptors, MET and ErbB3, despite the strong overlap
in downstream signals (Hammond et al., 2010). Our work there-
fore indicates the involvement of a signaling pathway unique to
EGFR.
We have characterized a simple in vitro system to examine a
phenomenon, i.e., interdigitation of neighboring cells, which is
widespread in stratified animal tissues. Our finding that inter-
digitation is associated with resistance to shear stress may
reflect a key aspect of its physiological function. Mammary
ducts are subject to significant mechanical stresses and have
to withstand dramatic volume changes during lactation. Other
systems in which interdigitation can be observed in vitroCell Reinclude kidney podocytes and keratinocytes (Hoelzle and Svit-
kina, 2012; Mundel and Kriz, 1995; Vasioukhin et al., 2000).
However, in neither case has a molecular cue controlling this
process been defined. In the keratinocyte system, so-called
adhesion zippers progress to a smooth boundary in a process
that requires actin reorganization, recalling the reversal process
we have characterized (Vaezi et al., 2002; Vasioukhin et al.,
2000). A distinguishing feature of the system described here
is that we can invoke interdigitation within a preformed adhe-
sive monolayer. EGFR inhibitors are normally assessed in
growth or invasion assays where cells are necessarily subcon-
fluent or dispersed. We propose this system may be useful to
assess the efficacy of EGFR inhibitors within a different
in vitro context, i.e., cell confluency. The tonic suppression of
interdigitation by EGF and the rapid dissolution of established
interdigitations by acute administration represent distinct path-
ways that offer exciting opportunities for further characteriza-
tion by screening and proteomic strategies.ports 8, 1722–1730, September 25, 2014 ª2014 The Authors 1727
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Figure 5. Interdigitation Dictates MCF10A
Cell Monolayer Properties
(A) Cells cultured in complete growth medium or
medium lacking EGF for 93 hr were subjected to a
dispase mechanical dissociation assay in tripli-
cate. The number of fragments was assessed
sequentially after 30, 45, and 60 pipetting strokes.
Left: relative fractions of fragments for cells grown
±EGF (average of two independent experiments,
error bars indicate range). Right: cumulative num-
ber of fragments of a representative experiment.
(B) Differential cell migration into scratch wounds
upon incubation with EGF (20 ng/ml), HGF
(20 ng/ml), and NRG1 (6 ng/ml). Cells were
cultured in medium lacking EGF for 72 hr. A wound
was scratched onto the well 30–40 min prior to
live-cell imaging at 103 magnification.
(C) Schematic summary figure.We suggest that a particular feature of MCF10A cells, which
may underlie this phenomenon, is that they are untransformed,
nontumorigenic cells. They are distinct from commonly used
breast cancer cell lines, which form smooth boundaries in the
absence of EGF (e.g., MCF7).Most such cell lines aremaintained
in simpler media, which are not supplemented with EGF. An
exception is the HMT-3522 cell line, which forms similar interdig-
itations in media lacking EGF (Figure 3C; Holm et al., 1993). Note
that these cells are cultured in serum-free media. A specific
feature accompanying interdigitation is the shackling of cells to
a fixed position within a confluent monolayer. One may envision
that this has consequences for normal mammary development
and for the development of mammary tumors.1728 Cell Reports 8, 1722–1730, September 25, 2014 ª2014 The AuthorsEXPERIMENTAL PROCEDURES
Antibodies and Other Reagents
The following primary antibodies or reagents were
used for fluorescence microscopy: mouse anti-E-
cadherin clone HECD1 (Cancer Research UK Lab-
oratories), AF594-phalloidin (Invitrogen), mouse
anti-Desmoplakin and anti-Desmoglein (kindly
provided by David Garrod, University of Manches-
ter) (North et al., 1999; Vilela et al., 1995). Anti-
bodies used for western blotting included rabbit
anti-EGFR clone D38B1, rabbit anti pEGFR
Y1068, rabbit anti-pAKT, rabbit anti-pERK, rabbit
anti-Vav2, rabbit anti-CDC42, (Cell Signaling),
mouse anti-Rac1 (Cytoskeleton), mouse anti-b
actin (Abcam), rabbit anti-ZO1 (Zymed), and rabbit
anti-Claudin-1 (Invitrogen). Inhibitors used were
Gefitinib, AZD6244 (Stratech), Cytochalasin D,
Latrunculin A and blebbistatin (Sigma), and
LY294002 (Calbiochem). Growth media and sup-
plements were from the following suppliers: Dul-
becco’s modified Eagles’s medium (DMEM)/F12
Glutamax and fetal bovine serum (FBS) (Invitro-
gen), horse serum (HS) (First Link), EGF, TGF-a,
NRG1 (Preprotech), hydrocortisone, insulin, and
cholera toxin (Sigma).
Cell Culture and EGFR Inhibitor Treatment
MCF10A parental and EGFR DE746-A750 cells
(Horizon Discovery) were cultured in 5% CO2 inDMEM/F12Glutamax supplemented with 5%HS, 20 ng/ml EGF, 500 ng/ml hy-
drocortisone,0.01mg/ml insulin, and100ng/mlcholera toxin.MCF10Aparental
cellswere seeded in six-well plates at a density of 1.03 105 cells/well (onplastic
dish) and 1.53 105 cells/well (on glass coverslips). Medium was exchanged to
replace the 5%HSwith 10%FBS,with orwithout 20 ng/ml EGF. Inhibitorswere
added directly to wells or together with fresh or conditioned medium. In the
reversal experiments, the growth factors were added directly to cells cultured
in medium without EGF. HMT-3522 S1 cells were cultured in serum-free
DMEM/F12 Glutamax supplemented with 250 ng/ml insulin, 10 ng/ml EGF,
10 mg/ml transferrin, 2.6 ng/ml Na-selenite, 27.2 pg/ml 17b-estradiol,
0.5 mg/ml hydrocortisone, and 5 mg/ml human prolactin.
Immunofluorescence
Cells on coverslips were rinsed twice with PBS (37C, supplemented with
1 mM CaCl2, 1 mM MgCl2), fixed in 4% paraformaldehyde (PFA) in PBS,
permeabilized with 0.2% Triton X-100, blocked in 10% goat serum, and incu-
bated with primary and secondary antibodies in 5% goat serum (20 min each),
all in PBS. Secondary antibodies were conjugated to either Alexa 488 or Alexa
Fluor 594. Bright-field and immunofluorescence images were taken using a
Nikon Eclipse Ti-E microscope (CFI Super Plan Fluor 203/ 0.45 NA or CFI
Plan Apochromat 403/ 0.45NA objective lens) and a digital camera (CoolSNAP
EZ Turbo 1394; Photometrics). Confocal images were taken using a Leica SP2
microscope (HCX PL Apo 63x/ 1.40NA objective lens at 1.50 or 1.90 zoom).
The images were then processed using NIS-Elements Software (Nikon), Leica
Confocal Software (LeicaMicrosystem), PhotoshopCS5 Version 12.0 x64, and
Illustrator CS5 version 15.0.0 (Adobe).
Electron Microscopy
Confluent dishes of MCF10A cultured ±EGF were washed with 0.1 M sodium
cacodylate buffer (pH 7.4) before fixing with 2.5% (w/v) glutaraldehyde,
1 mg/ml ruthenium red in sodium cacodylate buffer at room temperature
for 1 hr. Following rinses with 0.1 M sodium cacodylate buffer, cells were
postfixed with 1% osmium tetroxide, 1 mg/ml ruthenium red in 0.1 M caco-
dylate buffer at room temperature for 2 hr. After rinsing with dH2O, cells
were stained with 1% aqueous uranyl acetate (Agar) at room temperature
for 1 hr and then dehydrated in a graded series of ethanol on ice. Cells
were flat embedded using gelatine capsules in Epon and polymerized at
60C for 2 days. Ultrathin serial sections (70–85 nm) were cut longitudinally
through the whole cell and stained with uranyl acetate and lead citrate before
viewing at 100 KV in a FEI Tecnai G2 Spirit. To quantify the number of junc-
tions, a total of 33 micrographs were taken using AnalySIS (SIS, GmbH) with a
final magnification of 16,5003 for both ±EGF cells incorporating two biolog-
ical repeats. Seven different grids from six separate resin capsules were used
for EGF and four grids from two different resin capsules for +EGF. Areas
imaged were chosen at random where cells were observed to be adjacent
and membranes close enough for cell-to-cell adhesion. Touching mem-
branes were measured using AnalySIS and junctions counted and expressed
as the number of junctions per mm.
Wound-Healing Assay and Time-Lapse Microscopy
MCF10A cells were grown to confluency, in media with FBS ± EGF for 71 hr.
A scratch wound was made with a pipette tip (multichannel tip 250 ml; Ana-
chem). To remove dead cells, the medium was exchanged for reconditioned
media of a parallel plate. Cells were imaged for 3 hr within 30–40 min of
scratching before addition of growth factors (EGF and HGF 20 ng/ml,
NRG1 6 ng/ml) and followed by time-lapse microscopy using a fully motor-
ized Nikon Ti-E eclipse microscope. Movies were processed using NIS-Ele-
ments software (Nikon), FijiIsJust ImageJ 1.48 (NIH), and MPEG Streamclip
v1.9.2 (Squared5).
Dispase Dissociation Assay
MCF10A cells were seeded in 60-mm-diameter dishes (+EGF, 1.75 3 105
cells/dish; EGF, 3.3 3 105 cells/dish), and 93 hr after seeding, dishes were
washed three times in PBS and incubated in 2 ml Dispase (2.4 U/ml; Roche)
for 30–40 min at 37C. A total of 5 ml of PBS was added into each dish, and
dislodged cell sheets were centrifuged at 4 min at 200 rcf. Supernatant was
removed, and cell sheets were disrupted using a p1000 pipette tip by pipetting
in 1 ml PBS for the given number of repetitions. Cell fragments (more than one
cell) were counted using a hemocytometer.
SUPPLEMENTAL INFORMATION
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